Although commonly encountered, patients with combined postcapillary and precapillary pulmonary hypertension (Cpc-PH) have poorly understood pulmonary vascular properties. The product of pulmonary vascular resistance and compliance, resistance-compliance (RC) time, is a measure of pulmonary vascular physiology. While RC time is lower in postcapillary PH than in precapillary PH, the RC time in Cpc-PH and the effect of pulmonary wedge pressure (PWP) on RC time are unknown. We tested the hypothesis that Cpc-PH has an RC time that resembles that in pulmonary arterial hypertension (PAH) more than that in isolated postcapillary PH (Ipc-PH). We analyzed the hemodynamics of 282 consecutive patients with PH referred for right heart catheterization (RHC) with a fluid challenge from 2004 to 2013 (cohort A) and 4,382 patients who underwent RHC between 1998 and 2014 for validation (cohort B). Baseline RC time in Cpc-PH was higher than that in Ipc-PH and lower than that in PAH in both cohorts (P < 0.001). In cohort A, RC time decreased after fluid challenge in patients with Ipc-PH but not in those with PAH or Cpc-PH (P < 0.001). In cohort B, the inverse relationship of pulmonary vascular compliance and resistance, as well as that of RC time and PWP, in Cpc-PH was similar to that in PAH and distinct from that in Ipc-PH. Our findings demonstrate that patients with Cpc-PH have pulmonary vascular physiology that resembles that of patients with PAH more than that of Ipc-PH patients. Further study is warranted to identify determinants of vascular remodeling and assess therapeutic response in this subset of PH.
Despite strict diagnostic criteria to distinguish precapillary from postcapillary pulmonary hypertension (PH), up to 20% of patients have features of both categories after thorough evaluation. [1] [2] [3] [4] This hybrid vascular phenotype, known as combined postcapillary and precapillary PH (Cpc-PH), is variably identified by an elevated pulmonary vascular resistance (PVR), transpulmonary gradient (TPG), or diastolic pressure gradient (DPG) [5] [6] [7] [8] in the presence of left heart disease.
The 2013 World Symposium on PH recently defined Cpc-PH as a pulmonary wedge pressure (PWP) of >15 mmHg with a DPG of ≥7 mmHg. 9 Since most large epidemiologic studies of pulmonary arterial hypertension (PAH) excluded subjects meeting these criteria, [10] [11] [12] it is unknown whether patients with Cpc-PH have pulmonary vascular properties that more closely resemble those of PAH patients or those of patients with isolated postcapillary PH (Ipc-PH).
The resistance-compliance (RC) time has emerged as a measure of pulmonary vascular physiology that integrates the mean and pulsatile afterload of the right ventricle. 13, 14 Based on an electrical model of the pulmonary circulation, RC time is calculated by multiplying two inversely related hemodynamic variables, PVR and pulmonary vascular compliance (PVC). Previously considered a fixed constant, [14] [15] [16] RC time is increased by pulmonary arterial remodeling 17, 18 and reduced by elevations in pulmonary venous pressure. 19, 20 While RC time in Cpc-PH has recently been shown to differ from that in Ipc-PH, 21 the extent to which baseline differences and rapid changes in PWP affect RC time has not been explored.
We hypothesized that despite an elevated PWP, patients with Cpc-PH would have an RC time and PVC-PVR relationship that more closely resemble those of PAH patients than those of Ipc-PH patients, both at rest and after acute volume expansion. We tested this hypothesis in a well-phenotyped cohort of patients with PH and in a large electronic medical record (EMR)-based cohort spanning 17 years.
METHODS

Patient populations
This study consisted of two retrospective cohorts seen at Vanderbilt University who underwent evaluation with a right heart cathe-terization (RHC). The Institutional Review Board at Vanderbilt approved the study of cohorts A and B (IRB 141151 and 140544, respectively).
Cohort A included consecutively evaluated patients seen at the Vanderbilt Center for Pulmonary Vascular Disease from 2004 to 2013 who underwent an RHC with a fluid bolus for known or suspected PH. Hemodynamic measurements were obtained at baseline and after the infusion of 0.5 L of normal saline, according to institutional protocol. 1 One of the authors (ARH, IMR, or TRA) manually reviewed all RHC tracings and recorded pressures at endexpiration. Demographic data were tabulated through EMR review. Patients were excluded if their tracings were unavailable for review or if they were categorized as having World Health Organization (WHO) group 3, 4, or 5 PH. 22 Final PH categorization was based on hemodynamics after fluid challenge ( Table 1) , according to consensus guidelines for the diagnosis of PH at rest. 9, 22 Briefly, PH was defined as a mean pulmonary arterial pressure of ≥25 mmHg. PAH was defined as PH with a PWP of ≤15 mmHg and a PVR of >3 Wood units. Finally, Cpc-PH and Ipc-PH were defined as PH with a PWP of >15 mmHg and a DPG of ≥7 mmHg and <7 mmHg, respectively.
Cohort B consisted of patients who underwent RHC from 1998 to 2014 and were in Vanderbilt's Synthetic Derivative database, 23, 24 a deidentified version of the Vanderbilt EMR that contains detailed demographic, medication, laboratory, and billing data, along with clinical documentation and procedural reports, for more than 2 million unique subjects. If patients had multiple catheterizations, only the first RHC was included in this analysis. We excluded patients with insufficient data (right ventricular and pulmonary artery pressures were absent), previous cardiac (International Classification of Diseases, Ninth Revision [ICD-9] code V42.1) or lung (ICD-9 code V42.6) transplantation, acute myocardial infarction (ICD-9 code 410.*), or chronic pulmonary embolism (ICD-9 code 416.2). Furthermore, as the purpose of this study was to evaluate hemodynamics in patients who were not acutely decompensated, patients with physiologic outliers due to presumed shock, hypertensive crisis, or left-to-right shunt at the time of RHC were excluded (defined in Table S1 ; Tables S1 and S2 are available online). Structured hemodynamic data were extracted from the RHC report, and fields containing relevant structured data were identified within reports by content experts (TRA, ELB, and LND). Corresponding numeric values were subsequently parsed by means of regular expressions and pattern matching. Nonphysiologic values (e.g., arterial saturation of >100% or a negative cardiac output; thresholds are defined in Table S1 ) were systematically deleted in a manner similar to that used in other large EMR-based RHC cohorts. 25, 26 Data that were deleted (391 values [0.2%]) or missing (41,983 values [17.5%]) were imputed by means of multiple imputation with additive regression, bootstrapping, and predictive mean matching.
The remaining patients were classified according to contemporary guidelines as above. In order to isolate a true PAH cohort, we excluded patients with precapillary PH and chronic obstructive pulmonary disease (ICD-9 codes 491.*, 492.*, and 496) or interstitial lung disease (ICD-9 codes 515, 516.3*, 516.4, and 516.5). To deter-mine the reliability of the PWP in the cohort B database, [27] [28] [29] [30] we compared the end-expiratory PWP identified manually and the computer-generated PWP from the RHC report in 116 randomly selected cohort A patients.
Calculations and statistics
RC time (seconds) is the product of PVR (mmHg × seconds × mL −1 ) and PVC (mL × mmHg −1 ). PVC was calculated as the stroke volume (mL) divided by the pulmonary artery pulse pressure (mmHg). Statistical analysis was performed in R (http://cran.r-project.org/) and Prism (ver. 6.0f, GraphPad Software). The PVC-PVR relationship was modeled with an inverse regression with offset as previously reported: PVC = A/(PVR + B). 19 For cohort B, PVR and PVC were also logarithmically transformed and modeled with a linear regression: log (PVC) = A × log (PVR) + B. Unless stated otherwise, continuous variables are presented as mean ± SD, while categorical variables are presented as absolute numbers and percentages. Continuous variables were compared via the Mann-Whitney U test, the Kruskal-Wallis test, or the Wilcoxon signed-rank test, as indicated. Significance was determined as a P value of <0.05.
RESULTS
Cohort A
There were 22 patients without PH (Table S2 ) and 282 patients with PH in cohort A: 165 (59%) with PAH, 41 (14%) with Ipc-PH, and 76 (27%) with Cpc-PH. The baseline RC time in Cpc-PH patients was higher than that in Ipc-PH patients and lower than that in PAH patients (both P < 0.0001; Table 2 ). In Cpc-PH and PAH patients, RC time was unchanged from baseline after a fluid challenge, whereas RC time significantly decreased in Ipc-PH patients (P < 0.0005; Fig. 1 ).
The inverse-regression curves of PVC versus PVR for Cpc-PH, PAH, and Ipc-PH were not significantly different at baseline ( Fig. 2A ). After fluid challenge, however, the regression curves for patients with 
Note: Cpc-PH: combined postcapillary and precapillary pulmonary hypertension; DPG: diastolic pulmonary artery-to-pulmonary wedge pressure gradient; Ipc-PH: isolated postcapillary pulmonary hypertension; mPAP: mean pulmonary artery pressure; PAH: pulmonary arterial hypertension; PCPH: precapillary pulmonary hypertension; PH: pulmonary hypertension; PVR: pulmonary vascular resistance; PWP: pulmonary wedge pressure; WU: Wood units. PAH and Cpc-PH were mostly unchanged, while the curve for Ipc-PH shifted down and to the left, such that the Ipc-PH curve never crossed the curves for PAH and Cpc-PH (Fig. 2B, 2C) . These data indicate that in patients with Ipc-PH, a given PVR is coupled with a PVC that is significantly lower than that in a corresponding patient with PAH and Cpc-PH after a volume load.
Comparison of manual and computer-generated mean PWP
We randomly selected 116 patients from cohort A (49 with PAH, 22 with Cpc-PH, 23 with Ipc-PH, and 22 without PH) and compared the manual and computer-generated PWPs at baseline and after fluid challenge, using Bland-Altman analysis. The findings demonstrated adequate agreement in all groups of patients ( Fig. S2 ; Figs. S1 and S2 are available online), with a slight underestimation of the computer-generated PWP relative to the manual review at baseline (−2.1 ± 2.6 mmHg) and after fluid challenge (−2.7 ± 3.3 mmHg).
Cohort B
After all exclusions, we identified 1,969 patients without PH ( Fig. S1 ; Table S2 ) and 2,817 patients with PH in cohort B: 593 (21%) with PAH (the "true PAH" cohort, as defined in "Patient populations" above), 1,456 (52%) with Ipc-PH, and 364 (13%) with Cpc-PH. RC time in PAH was higher than that in Cpc-PH (P < 0.004), both of which were higher than that in Ipc-PH (both P < 0.0001; Table 2 ). The inverse-regression curves of PVC versus PVR were identical in PAH and Cpc-PH, while the curve for Ipc-PH was consistently shifted to the left (Fig. 3A) . The curve for patients without PH was positioned above the Ipc-PH curve, such that their PVC was nearly 1.5 times that for Ipc-PH patients at every PVR. The curve for patients without PH was positioned above the PAH and Cpc-PH curves at a PVR of >2 Wood units.
To compare the RC relationship for each group, the PVR and PVC data were logarithmically transformed and plotted on a linear axis (Fig. 3B ). The slope of the linear regression for PAH was identical to that for Cpc-PH (P > 0.05), and both were significantly different from the Ipc-PH and no-PH regressions (all P < 0.0001). The slope for the PAH and Cpc-PH regressions approximated −1, indicating that PVR and PVC are tightly and inversely coupled in both groups of patients, such that a change in PVR is matched by a proportional, but counterdirectional, change in PVC. The slopes for the Ipc-PH and no-PH groups were less than − 0.5, indicating a PVR-PVC relationship that is less interdependent. In addition, the Y-intercepts for Cpc-PH and PAH were similar and significantly higher than that for Ipc-PH (P < 0.0001), demonstrating that the PVCs in Cpc-PH and PAH would be higher than that for Ipc-PH at a PVR that approximates 0.
To quantify the effect of increased left-sided filling pressures on RC time, we analyzed the relationship of PWP and RC time in each group of patients (Fig. 3C) . After plotting RC time versus PWP, we found that the slope of the linear regression was negative in all categories, although the slope did not significantly differ from 0 in the Cpc-PH and PAH groups (both P > 0.05). This indicates that elevations in PWP are associated with a significant reduction in RC time only in patients with Ipc-PH or no PH. Finally, patients with Cpc-PH or PAH had similar Y-intercepts for their linear regression, and both intercepts were significantly higher than that for Ipc-PH (both A) . When PVR and PVC were logarithmically transformed (colored circles), the slope and Y-intercept of the linear regression (bold lines) for patients with Cpc-PH and PAH were similar (P > 0.05), and they were different from those of patients with isolated postcapillary pulmonary hypertension (Ipc-PH) or without pulmonary hypertension (No PH; B) . The relationship of RC time to PWP for Cpc-PH was identical to that for PAH (P > 0.05) and distinct from that for Ipc-PH at every PWP (P < 0.0001; C). P < 0.0001). The Y-intercept represents a hypothetical condition where PWP is 0, demonstrating that Cpc-PH and PAH patients would have an identical RC time under theoretical circumstances where their PWPs were the same.
DISCUSSION
We have demonstrated that Cpc-PH has hemodynamic properties that resemble those of PAH more than those of Ipc-PH. By rapidly increasing PWP in individual patients with a fluid bolus, we observed that RC time is not fixed in all patients: RC time was lowered in Ipc-PH patients, while it remained unchanged in Cpc-PH and PAH patients. Furthermore, the RC time and the PVC-PVR relationship in Cpc-PH were similar to those in PAH and distinct from those in Ipc-PH, after baseline differences in PWP were accounted for. These findings suggest that Cpc-PH is a distinct pulmonary vascular phenotype, and further study is warranted to identify the molecular etiology and therapeutic targets for this disease.
Several reports have previously investigated the hemodynamic profile of Cpc-PH, often defined by an elevated TPG or PVR. 21, [31] [32] [33] [34] [35] As the TPG is influenced by changes in PWP and pulmonary blood flow, it may be less accurate than the DPG as a measure of pulmonary vascular remodeling. 5, 36, 37 Furthermore, patients with a DPG of ≥7 mmHg have histologic evidence of vascular remodeling. 35 While the European Respiratory Society and the European Society of Cardiology have recommended the use of a DPG of ≥7 mmHg and/or PVR of >3 Wood units for the diagnosis of Cpc-PH in their updated 2015 guidelines, 38 we chose to define Cpc-PH by an elevated DPG alone, according to consensus international guidelines. 9 However, the vast majority of patients with Cpc-PH in our cohort also had a PVR of >3 Wood units, as compared to a minority of patients with Ipc-PH (85% and 32%, respectively).
We utilized RC time, the product of PVR and PVC, to infer the hemodynamic properties of each PH phenotype. RC time, which represents the diastolic pulmonary artery pressure decay in seconds, 13, 14 was initially considered a universal constant in the pulmonary circulation. [14] [15] [16] However, several recent publications have demonstrated otherwise. 17, 18, 21, 39 While RC time remains fixed after ineffective PH therapy, 16 it decreases significantly after inhaled nitric oxide in vasodilator-responsive PAH 39 and after pulmonary thromboendarterectomy in proximal chronic thromboembolic PH. 17 Moreover, Tedford et al. 19 demonstrated a lower RC time and altered RC plots in patients with an elevated PWP, compared to those in patients with a normal PWP, and Gerges et al. 21 noted a further distinction in the RC time and RC plots of patients with Cpc-PH and Ipc-PH. Changes in an individual patient's RC time after a volume load in a large and diverse PH cohort have not been described previously.
We first sought to use changes in right ventricular loading conditions after a fluid challenge to distinguish different hemodynamic phenotypes in PH. In cohort A, the fluid challenge had no effect on the RC time in patients with Cpc-PH or PAH. In contrast, patients with Ipc-PH had a lower RC time and an RC plot that was displaced toward the left, such that PVC was lower for a given PVR. This discrepant response to a fluid challenge may be explained by differences between the pulmonary vascular properties of PAH and Cpc-PH and those of Ipc-PH. In PAH, PWP, stroke volume, and cardiac output increased without changes in pulse pressure. PVC increased and PVR decreased, suggesting that the volume load resulted in augmented cardiac contractility and pulmonary vascular recruitment. While patients with Cpc-PH had no improvement in their stroke volume or cardiac output, their PVC and PVR remained stable, possibly because their pulmonary capillary bed was maximally recruited at baseline. In both conditions, PVR and PVC remained tightly coupled, and RC time did not change. In Ipc-PH, a proportional increase in stroke volume and pulse pressure was observed, along with a reduction in the TPG. The increased pulmonary blood flow did not alter cardiac contractility or PVC, although the reduced PVR suggests increased vascular distensibility. The reduced PVR and stable PVC led to an overall reduction in RC time.
The large numbers of patients in cohort B with and without PH confirmed that all four groups of patients had different baseline RC times. The RC times in Cpc-PH and PAH were nearly the same, and both were almost twice as high as that in Ipc-PH. However, the nearly 2,000 patients without PH demonstrated that a "normal" RC time lies somewhere in between. After examining the components of RC time, we found that patients with PAH or Cpc-PH have an increased TPG (i.e., downstream gradient) relative to pulse pressure (i.e., upstream gradient), and the opposite is true in Ipc-PH. The location of these gradients suggests that PAH and Cpc-PH share pulmonary arterial remodeling, whereas Ipc-PH is due to passive venous congestion alone.
The RC plot for each group of patients in cohort B (Fig. 3A ) demonstrates that patients with Ipc-PH have reduced PVC for a given PVR when compared to PAH and Cpc-PH patients, a relationship that persists until PVR is very elevated. In addition, the curve for patients without PH never converges with the Ipc-PH curve, indicating that patients with Ipc-PH have a systematic loss of PVC relative to patients without PH, as a consequence of venous distension. This is in contrast to Cpc-PH and PAH patients, as their PVC markedly improves once their PVR is lowered, a sign of pulmonary arterial disease. Increased PVC has been associated with improved mortality in patients with heart failure and PH, 20, [40] [41] [42] and these data suggest that reducing PVR may increase PVC more effectively in patients with Cpc-PH and PAH than in patients with Ipc-PH.
Finally, cohort B elucidated the effect of PWP on RC time, revealing that RC time is higher in patients with Cpc-PH than in those with Ipc-PH and higher in those with PAH than in those with no PH, at a given PWP. Whereas increased PWP was associated with significant reductions of RC time in patients without PH and in those with Ipc-PH, it did not significantly alter RC time in Cpc-PH and PAH patients. Finally, the linear regressions of RC time versus PWP were identical in PAH and Cpc-PH, indicating that RC time would be the same for Cpc-PH and PAH under theoretical conditions when PWP was the same in each group. These findings corroborate our findings from cohort A, suggesting the presence of pulmonary arterial remodeling, and not passive venous congestion, in Cpc-PH patients.
There are a number of limitations to our study. While RC time differs in large groups of patients with and without PH, the clinical significance of this remains unclear for individual patients. RC time is a simplified calculation derived from two other calculated variables, limited by the imprecision of its measured components and the assumptions of their relationship. The PVR calculation does not consider the viscosity of blood, recruitment and distensibility of blood vessels, or pulsatility of flow, 43, 44 while the PVC calculation has not been validated in large cohorts and may be unreliable in patients without pulmonary vascular disease. 14 Importantly, the empiric RC time calculation fails to consider the exponential decay of the pulmonary arterial diastolic pressure. 45 Therefore, RC time must be considered an incomplete measure of right ventricular afterload, [46] [47] [48] with considerable variability and scatter even in hemodynamically similar patients. 45 We have attempted to address these issues by the large number of patients in cohort B, but the implications of a given RC time for an individual patient are unknown at present.
Although our cohort sizes are large, both represent data from a single center. Referral bias may be present in cohort A, which includes only patients seen at the Vanderbilt Pulmonary Vascular Center who underwent a fluid challenge. While we were unable to manually review RHC tracings from cohort B, there was little difference between manual and computer-generated mean PWPs on a population level (Fig. S2 ). Furthermore, as we did not directly measure left ventricular end-diastolic pressure in the majority of patients in our study, the presence of precapillary PH may be overestimated in our cohort. 49 Finally, it is possible that patients with mild forms of WHO group 3-5 PH are present in cohort B. Given the size of the groups and the limitations of EMR-based cohorts, chart review for each patient is not possible.
We have shown that patients with Cpc-PH have hemodynamic characteristics that resemble those of patients with PAH more than those of Ipc-PH patients. The presence of a fixed RC time in Cpc-PH (but not in Ipc-PH) after a fluid challenge is a novel finding, indicating that pulmonary vascular remodeling may affect RC time more than venous congestion does. While further study is needed to identify the underlying pathophysiology and molecular mechanisms of Cpc-PH, our study suggests that trials of therapies that target the pulmonary arteries may be warranted in the Cpc-PH population.
Source of Support: National Institutes of Health project U01 HL125212-01.
Conflict of Interest: None declared.
